INTRODUCTION
Previous studies in Burkina Faso in west Africa have shown that the Mossi and Fulani sympatric ethnic groups differ in their parasitologic and clinical responses to malaria. 1 A significantly lower prevalence of Plasmodium falciparum and incidence of clinical malaria have been reported among the Fulani compared with the Mossi. The two populations live in the same area of hyperendemic transmission in the Sudan savannah of Burkina Faso. The Mossi are a SudaneseNegroid population with a long tradition of sedentary farming, while the Fulani are nomadic pastoralists recently settled in west Africa and supposed to have a Caucasoid origin. 2, 3 The interethnic differences in malaria susceptibility between the Fulani and Mossi in Burkina Faso have recently been investigated. With regard to known malaria resistance genes, there were similar frequencies of hemoglobin S in each population, but the Mossi were found to have higher frequencies of alpha-3.7 deletional thalassemia, glucose-6-phosphate dehydrogenase A-, and HLA-B*5301. 4 A role for hemoglobin C, particularly in the homozygous state, has been suggested in resistance to malaria infection among the Mossi. 5 However, among the Fulani the proportion of individuals not having any of these protective alleles was more than three-fold greater than in the Mossi. 4 These studies exclude the involvement of the above genetic factors as a cause of resistance against P. falciparum among the Fulani. Instead, it appears that regulation of immune responses has an important role. Studies have shown a stronger immune response against P. falciparum circumsporozoite surface protein (CSP), thrombospondin-related adhesive protein (TRAP), of merozoite surface protein 1 (MSP-1) and other antigens among the Fulani compared with the Mossi. 1, 6 Interestingly, in the Fulani, but not in Mossi, higher IgG levels against P. falciparum were observed in association with a polymorphism in the promoter region of interleukin-4 (IL-4), a cytokine that plays a pivotal role in the regulation of antibody production. 7 Furthermore, IL-4 is localized in the 5q31-q33 chromosomal region, which has been shown to be linked to P. falciparum infection intensity in another study carried out in Burkina Faso. 8, 9 There may be, therefore, a major determinant of resistance to malaria among the Fulani that is in linkage disequilibrium with the IL-4 promoter. 7 In the current study, we examine whether the previously observed differences in malaria susceptibility between the Fulani and the Mossi have any impact on the genetic characteristics of their P. falciparum infections. Many previous surveys have established that a great complexity of P. falciparum clones occurs in infected inhabitants of different malariaendemic areas. 10, 11 There is an association between the burden of malaria transmission and within-host genetic complexity of the parasite. 12, 13 Moreover, within a single community an age-dependent pattern has been reported in the extent of clonal multiplicity. 14 In the work reported here, we examine the genetic complexity of the parasite as well as parasitologic and entomologic transmission indices among Fulani and Mossi children living sympatrically in villages in Burkina Faso. Our study aims to investigate whether the known stronger immune response of the Fulani compared with that of the Mossi has any effect on the acquisition of P. falciparum infection and on the multiplicity and diversity of the parasite in each population. old). Fingerprick blood samples were collected on filter paper from each child on day of recruitment (day 0). Subsequent samples were collected on days 1, 4, and 5 to account for fluctuation of P. falciparum clones below the detection limit of a polymerase chain reaction (PCR). Each sample was sealed in a separate plastic bag and stored at room temperature until the DNA was extracted. At the same time, thick and thin blood smears were prepared for subsequent staining with Giemsa and examination for P. falciparum by microscopy. The blood samples were collected with the informed consent of all guardians of the children involved. The study was reviewed and approved by the Centre National de Recherche et Formation sur le Paludisme of the Ministry of Health, Burkina Faso.
Clinical malaria cases, children exhibiting fever (axillary temperature Ն37.5°C) and patent parasitemia, were treated with chloroquine and withdrawn from further blood sampling. However, asymptomatic children were not treated.
Estimates of the entomologic inoculation rate (EIR). The main malaria vectors in this area are Anopheles gambiae s.l. and A. funestus. 15 A cross-sectional entomologic survey was carried out in Bassy and Zanga to examine the distribution of each species and to estimate the EIR. Indoor pyrethrum spray catches were carried out on October 2 and 3, 1999 in compounds with a large number of children; this included 14 houses in Bassy and 9 in Zanga. The collections were made between 7:00 AM and 9:00 AM. Species were identified morphologically. The mosquitoes were separated into fed, gravid, and half-gravid groups, and then stored in tubes with silica gel for subsequent examination for the P. falciparum CSP positivity index and the human blood index. 16, 17 The EIR was calculated as the product of human blood index and the CSP positivity index, multiplied by the number of blood-fed mosquitoes in the houses, and divided by the number of persons sleeping in the same house. 18 We adopted this procedure because of the marked endophilic behavior of the malaria vectors in the area.
19
Extraction of DNA, PCR, and identification of alleles of msp-1, msp-2 and glutamate-rich protein (glurp). Plasmodium falciparum DNA was extracted from the dried filter paper blood samples. 20 The PCR was then carried out using outer and nested primers to enhance detection of low and sub-patent parasitemia. The primers amplified block 2 of the msp-1 gene, 21 most of the msp-2 gene, 22 and the central region of the glurp gene. 23 In addition, sequence variations in the amplified regions of the msp-1 and msp-2 genes were detected using sequence-specific primers. These were the three known sequence classes of the amplified block 2 of the msp-1 gene denoted K1, MAD20, and RO33, 24 and the two known sequences of block 3 of msp-2 denoted IC1 and FC27. 25 DNA preparations from laboratory-cultured clones 3D7, HB3, and RO33 were used as positive controls for sequence-specific primers.
Variations in the length of the amplified fragments of msp-1 and msp-2 were identified following agarose gel electrophoresis. Alleles with closely similar sizes were binned around an average size, as described previously.
26
Estimates of allele frequencies and mean number of clones. Estimates of P. falciparum allele frequencies were based on the analysis only of the sequence variants of block 2 of msp-1 (K1, MAD20, and RO33) and the central region of msp-2 (IC1 and FC27). The frequency of an allele was calculated as the number of isolates (hosts) carrying the allele as a proportion of all the alleles counted across the hosts. 27 The multiplicity of infection (MOI) in a blood sample was defined as the largest number of alleles at any one locus detected in the sample; for this study, alleles were identified based on size as well as sequence of the amplified PCR products for msp-1 and msp-2, and by size only for glurp. For example, an infection with one, two, and two alleles of msp-1, msp-2, and glurp, respectively, was scored as two clones. This measure is conservative in that it almost certainly underestimates the number of clones likely to be present.
28
Statistical analysis. Statistical analyses were performed using SAS 29 (SAS Institute, Cary, NC) and SPSS version 9.0 30 (SPSS, Inc., Chicago, IL) software. Four traits were analyzed as dependent variables: number of clones, parasite density on day 0, temperature on day 0, and the probability of having a clinical attack. Prior to analysis, parasite density was log 10 transformed. Clinical attack data were analyzed assuming a binomial distribution. The number of clones was analyzed as a normal variate since analysis under a Poisson transformation made no qualitative difference to the results. Analyses of mean number of clones were done with and without zero values included in the model. Multi-factor analyses of variance were carried out on these traits to determine the effects of ethnic group, age-class (broken into 4 categories: < 1 year of age, Ն 1 to < 2 years old, Ն 2 to Յ 5 years old, and > 5 years old), sex of the child, whether there was a fever (clinical attack) during the study period, the compound in which the inhabitants lived, and the average mosquito biting rate for the compound. All these factors were fitted as fixed effects with the exception of compound, which was fitted as a random effect. Only significant (P < 0.05) terms were kept in the final model. Log parasite density was also included in the model analyzing mean number of clones to determine whether parasite density affected differences between ethnic groups in the mean number of clones. Analyses involving parasite density were performed with and without zero values in the data.
RESULTS
Entomologic data. Anopheles gambiae s.l. was more abundant than A. funestus in the Mossi community (Zanga), but less abundant than A. funestus in the Fulani community (Bassy). The average biting rate of A. gambiae s.l. was higher among the Mossi than the Fulani, being 23.8 and 12 bites/ person/night, respectively. Conversely the A. funestus biting rate was higher among the Fulani than the Mossi, being 3.3 and 1.6 bites/person/night, respectively ( Table 1 ). The sporozoite rate was 14% and 16.6% for A. gambiae s.l. and 0.9% and 4.6% for A. funestus in the Fulani and Mossi communities, respectively. The estimated EIR was greater among the Mossi than the Fulani (P < 0.05; Table 1 ).
Clinical data. At the start of the study (day 0), 8 (16.3%) of 49 Mossi children were found to have fever, compared with 5 (8.8%) of 68 Fulani children. On subsequent days, 5 (10.4%) of 48, 1 (2.6%) of 38, and 4 (12.9%) of 31 Mossi children developed fever on days 1, 4, and 5, respectively. In the Fulani compounds, 3 (5.2%) of 58, 4 (7.1%) of 56, and 2 (6.2%) of 32 children developed fever on days 1, 4, and 5, respectively. Overall, there was a higher fever prevalence among the Mossi than the Fulani (18 of 49 and 14 of 68, respectively); this difference was of borderline significance (P ‫ס‬ 0.053) ( Table 1) .
There was an inter-ethnic difference in the mean ± SD temperature on day 0, which was 36.69 ± 0.49°C for the Fulani and 37.04 ± 0.41°C for the Mossi (P < 0.001) ( Table 1) . There was also a difference on day 0 in mean temperature between children who did and did not subsequently experience a clinical attack within the study period: 37.22 ± 0.08°C for the symptomatic children and 36.68 ± 0.06°C for the asymptomatic children (P < 0.001 for both groups combined). The magnitude of the temperature difference between the ethnic groups was the same in those that did and did not develop a clinical attack, i.e., there was no interaction between these two effects, suggesting that both groups had the same sickness-fever threshold.
There were no significant ethnic group, age, sex or EIR effects on the probability of having a clinical attack between day 0 and day 5. However, compound explained a significant amount (13%) of the variation in this trait (P < 0.05).
Plasmodium falciparum data. The P. falciparum prevalence and density were determined from the blood samples taken on day 0 (Table 1) . Using microscopy, we observed a significantly lower parasite prevalence among the Fulani than the Mossi (P < 0.001). However, there was no significant difference in prevalence between the two communities when PCR was used. Mean parasite density per child was significantly higher among the Mossi than the Fulani. Differences in gametocyte rate and density were also observed, these being higher among the Mossi. The inter-ethnic differences in parasite prevalence and parasite density tended to be more marked in the older age groups than among the younger ones.
Frequencies of the P. falciparum msp-1 and msp-2 allelic families. Frequencies of the K1, MAD20, and RO33 forms of msp-1 and of the FC27 and IC1 forms of msp-2 were 49.5 and 50.5 in the Fulani and 48.4 and 51.7 in the Mossi. These frequencies did not differ significantly between each community (Table 1 ; P > 0.8 for both loci).
Multiplicity of infection of P. falciparum clones. Longitudinal monitoring of P. falciparum clone multiplicity was carried out only in untreated asymptomatic children because those who developed clinical episodes during the study period were treated with chloroquine and removed from the study. The MOI values were calculated for each daily blood sample from each child. In many instances, different alleles were detected in successive samples from a single child, most probably due to sequestration of certain clones on each day as well as possible new infections. 31 Ethnic group differences. The mean numbers of P. falciparum clones, excluding zero values, among the Mossi were 4.3, 4.8, 4.6, and 4.7 on days 0, 1, 4, and 5, respectively. Among Fulani, the mean numbers of clones were lower, being 3.3, 3.5, 3.3 and 4.3 respectively on the corresponding days. These differences were significant (P < 0.001, P < 0.001, and P < 0.005 for days 0, 1, and 4, respectively), except for day 5 (P ‫ס‬ 0.3) ( Figure 1A ). There was no significant effect of sex on the MOI in either group.
Age. There was a significant negative association between age and parasite multiplicity among Fulani children when zero values were included (P ‫ס‬ 0.03), but not when zero values were excluded (P ‫ס‬ 0.15). In contrast, among the Mossi there was no trend of increasing multiplicity with age with or without zeroes included (P > 0.5 in both cases) ( Figure 1B) . Compound and EIR. The MOI of P. falciparum among children inhabiting different compounds within the same village was examined. Compound proved to be significant when zero values were included in the data (P < 0.05), indicating that within the same village, compounds varied in the probability of their inhabitants becoming infected. However, among compounds where infections were found, there was no significant association between MOI and EIR in either of the two villages (P > 0.05; Figure 2 ). Thus, while the EIR was significantly different between each village (P < 0.01; Table  1 ), this did not account for the significant difference in multiplicity between the two ethnic groups (Figure 1) .
Parasite density. While there was a significant difference in parasite density between the two ethnic groups (P < 0.01) (Table 1) , the ethnic differences remained significant (P < 0.01) when log parasite density, with or without zero values was included in the model. Thus, there was an effect of ethnic group on parasite multiplicity that was independent of the parasite density difference between each group. Age, sex, compound, and clinical status did not significantly affect parasite density with or without zero values included.
DISCUSSION
The most important result to emerge from this study is that the multiplicity of P. falciparum clones in the Fulani was significantly lower than in the Mossi in the two villages studied. The environmental parameters that we were able to measure were insufficient to account for these differences.
Our work has confirmed the earlier findings in other communities in Burkina Faso that the Fulani have less patent P. falciparum infections and clinical episodes of malaria than the Mossi. 1 In the present study, we did not examine immunologic characteristics of the two ethnic groups, and have attributed the lower parasitologic and clinical P. falciparum indices among the Fulani compared with the Mossi to their stronger humoral and cellular immune responses against P. falciparum as reported in other villages in Burkina Faso. 6, 7 In undertaking the current study, we wished to compare P. falciparum in the Fulani and Mossi in people of comparable age, status, and exposure to infection with similar parasite genotypes. We considered that the choice of two separate villages might have had an impact on any differences that might be observed, but this appears not to have been the case for the following reasons.
First, there were no differences in frequencies of alleles of any of the studied genes among the parasites in the two villages. This finding was not unexpected. In P. falciparum populations in communities at such close proximity in an area of high malaria endemicity, there are likely to be few if any local isolating mechanisms, and thus the parasites would belong to a common pool. 11 It is very unlikely, therefore, that the differences we have observed in parasite multiplicity are due to any spatial isolation of the two parasite populations.
Second, while it is clear that there were certain differences in the EIR between the two villages, especially for A. gambiae where the difference was significant (P < 0.01), we do not believe that this can account for the observed differences in P. falciparum multiplicity. The EIR estimates in both villages are high, at more than one infective bite per person per night. At this level, any EIR differences would not be expected to have a measurable impact on the rate of superinfection and acquisition of new P. falciparum genotypes. For example, data on the relationship between EIR and multiplicity of infection over a very wide range of EIRs suggest that approximately a 10-fold difference in EIR would be required to gen- erate the ethnic difference in MOI observed here (3.3 versus 4.3), 32 whereas in this study, the difference in EIR between the ethnic groups was only two-fold. Furthermore, as can be seen in Figure 2 , within each ethnic group the mean number of clones per compound was unrelated to the EIR, and the two groups overlapped in EIR values. We have previously noted differences in the mean number of clones among inhabitants of two villages in Sudan and Tanzania. 12 However, while there was a 100-fold difference in their EIR values, there was only a two-fold difference in the mean number of clones per inhabitant.
The number of P. falciparum clones detectable in human blood may not parallel the force of superinfection. An analysis of the relationship between EIR and P. falciparum multiplicity from different endemic sites has suggested that increasing EIR is associated with progressively smaller increases in clone multiplicity. 32 A problem with such analyses is that varying methods are often used in different studies to estimate EIR and clonal multiplicity. Nevertheless, as a general rule, a trend of increasing parasite multiplicity with increasing EIR has been noted. 11, 12, 32 There are inherent technical limitations of PCR-based methods for resolving alleles of polymorphic P. falciparum genes in an infection. 33 The P. falciparum isolates obtained from clinical cases tend to show less complexity than those from asymptomatic people, implying that a dominant novel genotype is associated with clinical cases. 34−36 In the present study, we have analyzed P. falciparum only from asymptomatic children and thus do not expect any bias in our estimates of mean number of clones for this reason.
There was a significant difference in parasite multiplicity between the two ethnic groups on all days of the study except for day 5 (P ‫ס‬ 0.3) ( Figure 1A) . A possible explanation for this is that children who developed clinical malaria were excluded from the study; therefore, by day 5 Mossi children with strong immune responses and a lower degree of multiplicity remained, thus eliminating the ethnic group differences.
The factors that are critical in determining the differences in P. falciparum clone multiplicity seen between the Fulani and the Mossi in the present study remain unresolved. The most likely explanation lies in the intrinsic characteristics of anti-malarial immune responses of the Fulani compared with the Mossi. 1, 6, 7 Candidate alleles of resistance genes that might be involved include IL4-524T, which was shown to be associated in this population with higher levels of P. falciparum specific IgG levels. 7 The lower number of clones in the Fulani versus the Mossi seen in our comparative analysis would then be consistent with the hypothesis that the Fulani are better able to control parasite infection due to non-specific immunomodulatory factors that could be more frequent in this population compared with other ethnic groups. It was of interest that the parasite multiplicity differences between the Fulani and the Mossi were most noticeable among very young children, less than one year of age, and in older children, more than five years old. This suggests a possible association between parasite multiplicity and immune status of these children. Among the very young children, maternally derived anti-malaria antibodies 37 may have a role, and similarly antimalarial response among older children may become established better among the Fulani compared with the Mossi. However, this explanation does not fully explain our findings. If such mechanisms are involved, it is difficult to explain why this would have an effect on clonal multiplicity rather than simply on levels of parasitemia. Perhaps such competent immune responses may limit the ability of different parasite genotypes, acquired simultaneously, to establish themselves equally well as blood infections.
In view of the continuing interest in development of antimalarial vaccines, it is important to assess the consequence of the high anti-malarial immune responses that constrain parasite acquisition and density, on life history traits that maximize fitness and transmissibility of genetically different clones. 38 In this regard, we are currently investigating gametocyte production of individual clones among the different age classes of Fulani and Mossi children.
